Introduction
The domino process is ap owerful tool to economically and sustainably build complex molecular architectures. [1] The number of work-up and purification steps is drastically reduced, therefore, the procedure is less time-consuming and produces less waste comparedt ot raditional stop-and-go synthesis. Typical steps involved in known domino processes are differentC ÀCb ond formation reactions, for example, Michael, aldol or Knoevenagel reactions, [2] which in combinationc an lead to highly substituted carbocyclic compounds, [3] spirocyclic structures [4] or diverse heterocycles. [5] Nitrogen-containingb icyclic systems, among them isoquinuclidine (2-azabicyclo[2.2.2]octane) and carbobicycles with an exocyclici mine group (bicyclo[2.2.2]octan-2-imine) are found as subunitsi nn umerousn atural products and bioactivec ompounds, [6] but are not easy to access using common synthetic methods. Only af ew organocatalytic methods for generation of these ring systemsh ave been reported. [7] The known metalfree and metal-catalyzed methods for the synthesis of azabicycles and carbobicycles often use reagents that are not commerciallya vailablea nd require laborious precursor synthesis and isolation and/or purification of intermediate products in most cases. [7, 8] Notably,t here are only af ew examples in the literaturef or the formation of isoquinuclidines startingf rom readilya vailablea lkylidenemalononitriles under metal-cataThe straightforward and efficient synthesis of complexa zaand carbobicyclic compounds, which are of importance for medicinal chemistry,i sachallenge for modern chemical methodology.A nu nprecedented metal-free six-step domino reactiono fa ldehydesw ith malononitrile was presented in our previouss tudy to provide, in as ingle operation, these bicyclic nitrogen-containing molecules. Presented here is ad eeper investigation of this atom-economical domino process by extending the scope of aldehydes,p erforming post-modifications of domino products,a pplying bifunctionalo rganocatalysts and comprehensive NMRs tudies of selected domino products. The thermodynamic aspects of the overall reaction are also demonstrated using DFT methods in conjunction with as emi-empirical treatment of van der Waals interactions. Furthermore, biological studies of seven highly functionalized and artemisinincontaining dominop roducts against human cytomegalovirus (HCMV)a nd Plasmodium falciparum 3D7 are presented. Remarkably,i nvitro tests against HCMV revealed five domino products to be highly active compounds (EC 50 0.071-1.8 mm), outperforming the clinicalr eference drugg anciclovir (EC 50 2.6 mm). Against P. falciparum 3D7, three of the investigated artemisinin-derived domino products (EC 50 0.72-1.8 nm)w ere more potent than the clinicaldrug chloroquine (EC 50 9.1 nm). lyzed conditions. [9] Recently,w er eported the discoveryo f at wo-component multi-stepdomino reaction under metal-free conditions providingb oth carbobicyclic compounds with exocyclic imine groupsa nd azabicycles (isoquinuclidines). [10] In this context,w ed emonstrated the generation of intricate molecular architectures from simplea ldehydes and malononitrile in as ingle operation by as ix-stepd omino reaction. Imidazole was found to be the most suitable achiral catalystf or this atom-economical reactiona nd was successfully applied to study the reactions copeu sing substituted 2-phenylacetaldehydes. [10] Propanal as ar epresentative aliphatic starting material showedt hat this reaction is not limited to phenylacetaldehyde derivatives. This study was complemented with mechanistic investigationsu sing mass spectrometry (MS) techniques and DFT calculations taking into account van der Waals interactions.
Developing such new and straightforward syntheses for these classes of compounds is of great interest due to their enormous potentiala sp harmaceuticals, demonstrated by an umber of studies on their biological activities. [6, 11] Inspired by naturally occurring alkaloids, compoundss uch as ibogaine analogue A have recently been synthesized and biologically evaluated (Figure1).
[6d] Isoquinuclidine analogue A hasb een characterized as an opioid receptor agonistwithpotential analgesic properties. Similar to its chloroquine-type parent compound, isoquinuclidine derivative B (Figure 1 ) possesses antimalariala nd antileishmanial activities.
[6c] Carbobicyclic compoundsw ith an exocyclic imine function (C,F igure 1) appear to have comparable antimalarial activities. [6a, b] Motivated by these promising examples, we investigated the potential antimalarial and antiviral activities of our domino products.H erein, we presentt he results of these biological studies in addition to our extended scope of substrates and bifunctional catalysts for the six-stepd omino reaction,a nd an extensive NMR spectroscopica nalysiso faselected domino product.
Results and Discussion

Extended Substrate and Catalyst Scope for the Domino Reaction
In our previous study,w em ainly focusedo ns ubstitutedp henylacetaldehydes as substrates. [10] With 11 different examples, we demonstrated the broad substrate tolerance of this multistep dominor eaction; propanal was the only aliphatic aldehyde tested. Startingf rom those results with propanal, in this study we performed as eries of experiments with homologous aliphatic aldehydes ( Table 1) .
Use of the shorter homologue acetaldehyde (1)d id not lead to the expected domino products 1a and 1b (Table 1, entry 1) . Instead, the cyclohexened erivative 6,b earing five nitrile groups,w as obtained in 60 %y ield (Scheme1). Notably,s imilar findings hadb een reported earlier in as tudy of base-catalyzed condensation reactions with different alkylidenemalononitriles. [12] How can this reaction outcomeb ee xplained?O bviously,t here is ac hange in the sequence of the reactions teps in the catalytic cycle. The first step is aK noevenagel reaction of acetaldehyde and malononitrile (Scheme 1, step 1), similar to the first step in the reaction mechanism previously pro- Figure 1 . Selectedexamples of bioactive azabicyclic (A and B)a nd carbobicycliccompounds with exocyclic imine groups (C). [a] "-": 0% yield.
[b] The reaction has been previously reported. [10] [c] Sum of yields of isolatedp roducts a and b.
[ d] Determined by 1 HNMR spectroscopy(see the SupportingI nformation).
Scheme1.Imidazole-catalyzedf ive-step domino reaction of acetaldehyde (1)with malononitrile. ChemistryOpen 2017, 6,364 -374 www.chemistryopen.org 2017 The Authors. Publishedb yWiley-VCH Verlag GmbH &Co. KGaA, Weinheim posed for the formation of bicyclic domino products. [10] Next follows a1 ,4-conjugate addition of malononitrile to the Knoevenagel product (Michael acceptor;Scheme 1, step 2).
The reaction with another Knoevenagel product molecule leads, through subsequentt hree steps (Scheme 1, steps 3-5), to the generation of cyclohexene 6.B yc ontrast, the azabicycle 7a and carbobicycle 7b were likely formed when phenylacetaldehydew as used instead of acetaldehyde (Table 2 , entry 1). This is because ad imerizationr eaction (vinylogousM ichael addition) of the Knoevenagel product (generated from phenylacetaldehyde) [10] occurs before another molecule of malononitrile can attack it. These differencesb etween the reaction mechanisms indicate the complexity of this domino reaction and demonstrate how drastically reaction outcome, and therefore the product, can change, even if there are only small differences in aldehyde structure.
The experiments with butyraldehyde (3)a nd valeraldehyde (4)s howedt hat with longer chain length of the aliphatic aldehyde, yield and selectivity of the reaction decrease( Ta ble 1, entries 3a nd 4). For 3,t he yield of 23 %a nd the d.r.( 3a, anti/syn) of 40:60 were similart ot he resultso btained with propanal (2). However, there was al osso fs electivity in the formation of the two constitutional isomers 3a and 3b (their ratio was 2:1). With al ow yield of 13 %a nd almostn os electivity towards any isomer,u se of 4 as the substrate led to the worst results.A s af inal example of the substrate scope, 3-phenylpropanal (5) was chosen. This substrate also contains ap henylg roup, like the originally used phenylacetaldehyde (7), althought here is no enhanced reactivity,b ecause the benzylic positioni sn ot a to the carbonyl group. Compared to the reaction with 7 (Table 2, entry 1), the yield for the reaction with 5 was lower at 25 %, whereas the high diastereoselectivity was preserved, and only the anti isomer of 5a was formed (Table 1, entry 5). Remarkably,t his was the only example for which the isoquinuclidine was formed in al ower amountt han the iminocarbobicyclic compound (5a/5b= 1:3). The lower yield could be explained by the less reactive aldehyde, but the steric demand of the phenyl ring was apparently still sufficient to preventt he formation of a syn-5a isomer. Althought he focus of this work was not the development of an enantioselective version of this new reaction, nonetheless we probed the potentialo fc onverting the formation reaction of 7a and 7b into an enantioselective synthesis route. Therefore, we also used tertiary-amine-based bifunctional chiral organocatalysts II-IV (Table 2 ). However, we did not find HPLC conditions for determinationo ft he ee values of the obtained products and hence we limited our studies to determination of yields, 7a/7b ratios and diastereoselectivities for 7a and 7b.N onetheless,t om easuret he enantioselectivity for products obtainedw ith the selected bifunctional chiral catalyst IV (providingt he best reaction outcome), we used 1 HNMR spectroscopy in the presence of chiral shift reagent Eu(hfc) 
The carbobicycle 7b dominates with chiral catalysts II-IV in toluene as as olvent (the 7a/7b ratio ranges from 1:11 to 1:25, see Table 2 ). This constitutes strong evidencefor kinetic control in the formationo f7b,a lso implied by the observed enantiomeric excess of 7b (ee values of 48 %and 47 %for the two corresponding diastereomers of 7b,T able 2). Strikingly,t he overall yield (after all six steps) couldb ei ncreased to am aximum of 83 %u sing catalyst IV (Table 2, entry 4). Interestingly,i na ll investigated solvents (toluene, CH 2 Cl 2 ,h exane, C 6 H 6 and MeOH) the constitutional isomer 7a was formed as as ingle diastereomer (d.r. > 99:1). However,a lthough solvents have as trong impact on yields and chemoselectivities, ac leart rend is not apparent ( Table 2 , entries 6-9).
In summary,t he chemoselectivity and the reactiony ield of this domino process in toluenei sh ighly dependento nt he choice of substrate and catalyst. Therefore, the control over the chemoselectivity might be possible through the use of ap articular aldehyde or organocatalyst (see Ta bles 1a nd 2).
DFT Studies on the Thermodynamics of the Overall Reaction
In our recents tudy,w ec onsidered the thermodynamic and kinetic aspects of the chemodivergent step. [10] From these calculations,o ne could deduce that the Michael reaction( D!H, Figure 2 ) is faster,w hereas the intermolecular addition reaction (D!E,F igure 2) is thermodynamically favored. The reaction barriers were somewhat moderate and the initial reaction from D to both E and H is endergonic. Therefore, we concluded that the subsequents teps might also play ar ole. To further shed light on this reaction, we studied the thermodynamics of the subsequent steps of both reaction pathways by calculating the intermediates resulting in 7a,t hat is, F and G (the imine tautomer of 7a), as wella st he intermediates resulting in 7b, that is, I andt he more stable enamine tautomer J (Figure 2 ). Computational details can be found in the Supporting Information.
The product of the initial ring closure (E!F or H!I)i se nergetically lower by 17.7 kcal mol À1 for the pathway to 7a. After the tautomerization to the more stable enamine J,t his effect is only partly compensateda nd the intermediate F of the pathway to 7a is, therefore, favored thermodynamically at this stage by 5.4 kcal mol À1 over intermediate J.
T he bicyclic G of the pathway to 7a is thermodynamically slightly favoredb y 0.6 kcal mol À1 over product 7b,w hereas the reactionf rom F to G is less exergonic with ar eactionf ree energyo fÀ2.2 kcal mol À1 compared to À7.1 kcal mol À1 for the formationo f7b from J.U nlike 7b, the imine (G)c an undergo tautomerization to the enamine 7a,w hich is 11.7 kcal mol À1 more stable than 7b.W ithout dispersion interactions the free energies of the first intermediates E and H would be considerably higher (Figure 2 ), whereas the subsequent reaction steps for both pathways exhibit similar reaction free energies to those if dispersion is taken into account. The raising of the free energy of Figure 2 . Left:Modifiedv ersion of the mechanism reported in our previous publication. [10] Right:Free energies [kcalmol À1 ]o fthe most stable conformers of the intermediates leadingto7a and 7b,respectively, relative to the reactants (D plus malononitrile), with (black) and without (gray) dispersion interactions takeni nto account in the geometryo ptimization andc alculationo ffree energies. ChemistryOpen 2017, 6,364 -374 www.chemistryopen.org 2017 The Authors. Publishedb yWiley-VCH Verlag GmbH &Co. KGaA, Weinheim the first intermediate indicated previously [10] is stronger for H comparedt oE,w hich meanst he pathway leading to product 7b benefits more from dispersion interactions.
Overall it seemst hat the path with the initial addition reaction (D!E)i st hermodynamically favored and its product 7a is favored owing to the tautomerization to the enamine.
NMR Investigations of aS elected Domino Product
Selected findings of our extensive NMR spectroscopics tudy of isoquinuclidine syn-2a was discussed in our previous publication [10] on this metal-free multi-step dominor eaction. More details gained from the use of methods such as HMQC,H MBC, correlation via long-range coupling (COLOC), COSY,N OESY,a nd 1 H-13 Ch eteronuclear NOESY (HOESY)a re presented in this section. For convenience,w er efer to the atom numbering shown in Figure 3 .
As is often the case, the assignment of the quaternary carbon signals in the 13 CNMR spectrum of syn-2a was not straightforward. In particular, the nitrile carbons presented ac hallenge. However,i nt he COLOC spectrum (not shown) there is an intensec ross peak between the H-5 signal and the carbon signal at 116.00 ppm, originating from 3 J coupling.T his carbon signal can therefore be assigned to C-13. Along with the dynamics findings (see below), the other CN signals could also be assigned.
The CSEARCH/NMRPredict software package [13] is ap owerful tool for estimating 13 CNMR chemical shifts in agiven structure. Ta ble 3s hows ac omparison of predicted and experimental 13 CNMR shifts;agood coincidence is evident. Ad iscrepancy was found for the chemical shift sequence of C-13 and C-20. Here, our COLOC findings clearly indicate the experimental valuest ob ecorrect. Strong deviations were also found for the olefinic carbons C-7 and C-9. These deviations mightb ee xplained by the mesomeric effects described below in reference to the molecular dynamics.
Interesting observations were made on the intramolecular dynamics in syn-2a.O ur initial 13 Ca nd 15 Ns pectra were recorded in [D 6 ]DMSO. To our surprise, only two 13 Cs ignals and two 15 Ns ignals for the CN groups were observed under these conditions. Ac loser inspection of these spectra showedt he two missings ignals to be coalescing. However,i famixture of [D 6 ]DMSO and CD 3 CN (1:2) were used, all four expected CN signals were resolved in the 13 Ca nd 15 Ns pectra. Under these conditions, the chemical exchange of the CN groups involvingC -16 and C-17 is considerably slower.F igure 3s hows the 13 C region of the CN signals. Figure 3a represents as pectrum recorded in [D 6 ]DMSO.N ote that there is coalescence of C-16 and C-17. All of the expectedf our signals were observed in the spectrum recorded in the mixture of [D 6 ]DMSO and CD 3 CN (Figure 3b ). Under these conditions, there is slow exchange of the C-16 and C-17 positions.
A 13 C-13 Ce xchange spectroscopy (EXSY) spectrum (Figure 3c )c orroborates these findings:t he cross peaks found clearly indicate mutual exchange of these two CN positions. From the cross peak intensities we concludet he exchange rate to be in the order of approximately 1s À1 .I nc ontrast, by using the difference in chemical shifts of C-16 and C-17 under slowexchange conditions, the Gutowsky-Holm equation (k exch = 2.22 Dn)l eads to an estimated exchange rate of approximately 390 s À1 in pure [D 6 ]DMSO. We interpret these dramatic differences in exchange rates as ac onsequence of different hydrogen bondingb etween NH groups and the solvent. In classical terms, the structure of syn2a can be formulated as two mesomeric forms (Figure 3) . In structure V,t here is a" true" double bond between C-7 and C-9. By contrast,t he zwitterionic structure VI shows af ormal [13] a) Spectrumin [ D 6 ]DMSO; note the coalescence of the C-16 and C-17 signals;b)spectrum in [D 6 ]DMSO/CD 3 CN (1:2);note the slow exchange rates of C-16 and C-17;c )the EXSYs pectrum;the crossp eaks indicate the chemical exchange of positions16a nd 17;m ixing time 2.5 s, measuring time 7.7 h. Right:T wo mesomeric structures of syn-2a.Inp ure [D 6 ]DMSO, structure VI is morepreferred over structure V than in am ixture of [D 6 ]DMSO/CD 3 CN (1:2). single bond between theset wo carbon atoms, withamuch lower barriero fe xchange activatione nergy.S tructure VI is more preferred over structure V in pure [D 6 ]DMSO as compared to the solventm ixture. Te ntatively,w ei nterpret this observation as follows:i ti sw ell knownt hat protone xchange is considerably slower in pure DMSO. [14] In an NH group, the proton "resides/sticks" at its nitrogen atom. Hence, the nitrogen is more prone to carry ap ositive chargea si ns tructure VI, leadingtoahighersingle bond character of C-7ÀC-9. If the solvent ([D 6 ]DMSO) is diluted with CD 3 CN, the NH protone xchange becomes more facile and rapid. The NH proton is considered more "loose"u nder these conditions. Thus, structure V with its true C-7=C-9 double bond becomes more abundant, thus the C-16-C-17 exchange rate is slower.
Post-Modification of the Domino Products
As af urther part of our investigations we were interested in chemicalp ost-modifications of our domino products to potentially introduce these types of compounds to aw ider field for future applications.Three transformations that were performed are depicted in Scheme 2.
Iminocarbobicycle 7b was transformed in the presence of sodium borohydridet ob icyclo[2.2.2]-octa-diene 8 with the elimination of one cyano group.A si tw as not possible to obtain an X-ray crystal structure of 7b,t he formation of 8 provides furthere vidence for the presence of the imine function in the parent compound 7b.T he two most downfield-shifted signals in the 13 CNMR spectrum of 8 at around 156 ppm fit well the theoretical value of the two carbonsa djacent to the NH 2 groups.U nder the reducing conditions, this second amino group can only originate from the imine function. Also worth mentioning here is the exceptional stability of this imine function. Compound 7b,f or instance, remained completely unconverted upon treatment with mild reducing agents such as trichlorosilane.
For isoquinuclidine 7a,t he thermald egradation to highly substituted pyridine derivatives [9b] was tested. The reactionwas conducted under neatc onditions at at emperature of 150 8C. The formation of the eliminationp roduct 10 was confirmed by comparison with literature data. Surprisingly,p yridine derivative 9 showedo nly two signals in the 1 HNMR spectrum and not three, as one might expect.I ti sl ikely that an intermolecular deprotonation of the dicyanomethyl group CH proton through the nitrogen atom of the pyridine core occurred;o nly az witterionic structure, which is detected in solution can explain the missingN MR signal.
The synthesis of hybrid compound 11,c onsistingo fi soquinuclidine and artesunic acids ubunits,i st he final example of post-modification presented herein. The reaction to form the amide bond was accomplished in the presence of N,N'-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP).C omparable amide-bond-forming reagents such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimidea nd hydroxybenzotriazole weren ot able to successfully activate the substrates in this case. Product 11 was obtained in 39 %y ield starting from isoquinuclidine 7a and artesunic acidu nder DCC/DMAP activation after stirring at 0 8Cf or 48 h.
Antiviral and Antimalarial ActivitiesofH ighly Functionalized Domino Products
Currently,t here is ar equirement for novel antiviral and antimalarial compounds with high efficacy and low unintended side effects. Therefore, the development of such therapeuticsh as concentrated on discovering drug candidates that operate selectively and effectively against viruses and malaria. A promising and fundamentally novel approach to obtain new and efficacious compounds with improved pharmacological properties is the hybridization of bioactive natural products,i n which two or more natural product fragments are covalently linked with each other to form new hybrid molecules.
[15] These synthetic hybrids containing partial structures of naturalc ompounds are in most cases more active than their parent compounds. [16] Encouraged by our previousr esultsa nd experience with artemisinin-based hybrids [17] we demonstrate here the high potential of our domino-product-artemisinin hybrid molecules 11, 12 a/b and 13 a/b (Figure 4 ) as antiviral and antimalarial agents.F or comparison, we also present the activities of parentd omino products 7a and 7b (not containing artemisinin moieties) against human cytomegalovirus (HCMV) and Plasmodiumf alciparum 3D7.
Antiviral Activity
The anti-HCMV activity of the new domino products and their artemisinin-based hybrids was evaluated by the use of an established GFP-reporter-based replication assay of HCMV (recombinant strain AD169-GFP) in primary human foreskin fibroScheme2.Post-modifications of domino products 7a and 7b. [18] Ganciclovir,a na pproved drug mostly applied in conventional anti-HCMV therapy, and artemisinin,r epresenting the parent compound of our novel hybrid products, were used as reference compounds. Whereas ganciclovir displayed an EC 50 value of inhibition of HCMV replication in the low micromolar range (EC 50 2.6 AE 0.5 mm), artemisinin exertedn o measurable inhibitory effect within the range of analysis( EC 50 > 10 mm). Remarkably,f ive (7b, 12 a/b, 13 a/b,s ee Figure 4 ) out of seven tested domino products showedh igher antiviral activity than the reference compounds (Table4). Only isoquinuclidine 7a and the artesunic acid-derived hybrid 11 showed no measurable activity (EC 50 values > 10 mm). An outstanding result was obtained with the isoquinuclidine-artemisinin hybrid 12 a,a sc haracterizedb yt he HCMV-specific EC 50 value of 0.071 mm,w hich represents a3 7-fold increase in in vitro efficacy over the established therapeutic ganciclovir.O ther active domino products (7b, 12 b, 13 a and 13 b)w eree ffective, with ar ange of EC 50 values between 0.21 and 1.8 mm,t huss howing similaro rh igher activity than ganciclovir.T his study shows the eminent potential of the hybrid concept, as active hybrids 12 a, 12 b, 13 a and 13 b featured strong antiviral properties againstH CMV,o utperforming the parentc ompounds (artemisinin, 7a and 7b)a nd ganciclovir.
Antimalarial Activity
The antimalarial activities of the domino products 7a, 7b, 11, 12 a, 12 b, 13 a and 13 b (see Figure4)w ere assessed by in vitro cytotoxicity studies againstt he P. falciparum 3D7 strain using chloroquine and dihydroartemisin (DHA) as reference compounds (Table 5 ). Both control substances displayed EC 50 valuesi nt he low-nanomolar range (9.1 and 2.3 nm,r espectively). Domino products 7a and 7b,p repared from phenylacetaldehyde, possessed only am inor inhibitory activity in the lower micromolar range against the 3D7 strain. With EC 50 values of 17 and 63 nm,t he hybrid domino products 12 a and 12 b exhibited ah ighera ntimalarial activity in the mid-nanomolar range. However,t hese EC 50 values were significantly higher than that of their parent compound DHA. In contrast to these findings, artesunic-acid-isoquinuclidine hybrid 11 nicely demonstrated acooperative and synergistic effect of the 1,2,4-trioxane and isoquinuclidine moieties. With an EC 50 value of 1.8 nm, it is nearly five times more active than the parentc ompound artesunic acid (EC 50 = 8.9 nm)a nd comparable in activity to DHA (EC 50 = 2.3 nm), although the parenti soquinuclidine 7a was inactive. The best result was that achieved with hybrid domino product 13 b,w hich outperformed both reference compounds, with ar emarkable EC 50 value of 0.72 nm,f ollowed by its constitutional isomer 13 a with av alue of 1.5 nm.
Conclusions
In summary,w epresentamore thorough investigation of the recently introduced imidazole-catalyzed six-step domino reaction, providingad irect and convenient route to bioactive azabicyclic and carbobicyclic compounds. [10] We have demonstrated the extension of the substrate scope towards aliphatic aldehydes with longer chain lengths and found ar eversed chemoselectivity of this reactioni nt he case of 3-phenylpropanal (5). As well as imidazole, different bifunctional organocatalysts have been investigated for the reactiono fp henylacetaldehyde (7)w ith malononitrile. The most active catalyst in this screening was the dihydroquinine-derived thiourea IV,u se of which led to the domino products 7a and 7b in ah igh overall yield of 83 %a nd high chemoselectivity towards the carbobicycle 7b (7a/7b= 1:25). It is apparent that the chemoselectivity of this domino process is strongly dependent on the choice of substrate and the catalyst and, therefore, the control over the chemoselectivity might be possible through the use of a particularaldehyde or organocatalyst.
To furtheri nvestigate the chemodivergent domino process, and to understand the influence of dispersion interactions, we studied the thermodynamics of the steps of both reaction pathways (leadingt o7a and 7b,c orrespondingly) by DFTcalculations of the intermediates both without and with dispersion interactions. We found that the pathwayl eading to product 7b is more favored with dispersion interactions.F urthermore, ar ange of NMR techniques (HMQC, HMBC, COLOC, COSY,N OESY,a nd 1 H-13 CHOESY)w as used for determining the structureo ft he isoquinuclidine syn-2a,f ormed from propanal. As trongly solvent-dependent exchange of the two nitrile groups adjacent to the exocyclic double bond was detected.
The study was completed by post-modifications of domino products 7a and 7b and the investigation of their antiviral and antimalarialp roperties, as well as selected domino product-artemisinin hybrid molecules 11, 12 a, 12 b, 13 a and 13 b.T oo ur delight, biological tests against HCMV revealed five domino products, 7b, 12 a, 12 b, 13 a and 13 b,a sh ighly active compounds (EC 50 values 0.071-1.8 mm), outperforming the clinicalr eference drug ganciclovir (EC 50 2.6 mm). In this respect it was found that artemisinin-derived azabicycle 12 a was the most active compound. With respecttot he activity against the parasite P. falciparum 3D7, three dominop roducts 11, 13 a and 13 b (EC 50 values 0.72-1.8 nm)w ere more potent than the clinically used drug chloroquine (EC 50 9.1 nm). Among these three hits, the artemisinin-derived iminocarbobicyclic compound 13 b was the most efficient againstt he P. falciparum 3D7 strain.T hese results are another excellent proofo ft he hybridization concept and confirmt hat the multi-stepd omino reactions are convenient, sustainable, efficient, and direct routes to novel lead structures for medicinal chemistry.
Experimental Section Chemistry
For details of the 1 Ha nd 13 CNMR spectroscopy of compounds in this manuscript and their spectra, see the Supporting Information. Complete characterization of the following domino products has been reported previously: anti-2a, syn-2a, 2b, anti-7a, 7b, 12 a, 12 b, 13 a and 13 b. [10] GeneralProcedure for the Metal-free Multi-Step Domino Reaction Imidazole (2.5 mg, 0.036 mmol) was added to as tirred solution of the corresponding aldehyde (0.48 mmol) and malononitrile (24 mg, 0.72 mmol) in toluene (1 mL). The reaction mixture was stirred at room temperature for 48 h. The solvent was removed under reduced pressure and the crude product was purified by silica gel column chromatography (hexane/EtOAc, 5:1to3:1). 9, 154.9, 116.8, 115.6, 114.0, 76.3, 54.0, 53.0, 50.1, 47.9, 36.4, 28.0, 21.0, 14.4, 11 .7 ppm;I R( ATR, solid): ñ = 3450, 3323, 3267, 3199, 2966, 2207, 1659, 1607, 1564, 1460, 1408, 1331, 1284, 1225, 1112, 995, 730, 591, 542 161.5, 154.9, 115.3, 114.5, 113.9, 112.8, 77.6, 53.4, 52.7, 50.7, 45.2, 45.2, 30.6, 23.3, 21.0, 13.4, 11.7 ppm;I R( ATR, solid): ñ = 3411, 3327, 3204, 2952, 2870, 2206, 1655, 1612, 1574, 1446, 1395, 1319, 1285, 1224, 1201, 1114, 986, 935, 780, 659, 601, 535, 453 7, 160.4, 155.4, 154.2, 116.6, 116.5, 113.8, 113.7, 113.3, 113.1, 112.8, 112.4, 69.4, 68.8, 58.1, 56.3, 46.9, 46.7, 43.8, 43.2, 43.0, 43.0, 42.0, 36.4, 36.3, 28.7, 28.6, 20.7, 20.6, 13.9, 13.8, 11.5, 11.3, 11 .3 ppm;I R( ATR, solid): ñ = 3395, 3327, 3238, 2929 3327, 3238, , 2203 3327, 3238, , 2157 3327, 3238, , 1645 3327, 3238, , 1592 3327, 3238, , 1458 3327, 3238, , 1416 3327, 3238, , 1313 3327, 3238, , 1244 3327, 3238, , 1195 3327, 3238, , 1078 3327, 3238, , 985, 889, 836, 782, 741, 594, 528, ChemistryOpen 2017 www.chemistryopen.org 162.7, 153.0, 115.4, 112.9, 77.2, 53.1, 52.0, 52.0, 49.2, 48.0, 47.1, 36.3, 33.0, 22.9, 20.1, 13.7, 13 .6 ppm;I R( ATR, solid): ñ = 3462, 3423, 3259, 3228, 3182, 2956, 2926, 2859, 2213, 2200, 1655, 1571, 1442, 1396, 1217, 1114, 1058, 985, 867, 638, 590, 544, 448 8, 155.2, 115.7, 114.9, 114.3, 113.2, 78.0, 53.9, 53.8, 51.1, 45.8, 43.8, 32.8, 30.8, 29.0, 23.0, 21.3, 14.3, 14 .1 ppm;I R( ATR, solid): ñ = 3418, 3324, 3228, 2957, 2868, 2207, 1657, 1571, 1460, 1400, 1218, 1136, 1061, 977, 938, 872, 648, 597, 536, 455 7, 160.5, 155.4, 154.2, 116.6, 116.5, 113.8, 113.7, 113.3, 113.2, 112.9, 112.5, 69.5, 68.8, 58.1, 56.4, 47.0, 46.9, 44.0, 43.2, 43.2, 42.0, 40.8, 37.8, 37.7, 33.9, 33.8, 22.8, 22.8, 20.1, 20.1, 13.5, 13.4 ppm; I R( ATR, solid): ñ = 3402, 3333, 3226, 2960 I R( ATR, solid): ñ = 3402, 3333, 3226, , 2931 I R( ATR, solid): ñ = 3402, 3333, 3226, , 2863 I R( ATR, solid): ñ = 3402, 3333, 3226, , 2200 I R( ATR, solid): ñ = 3402, 3333, 3226, , 1647 I R( ATR, solid): ñ = 3402, 3333, 3226, , 1594 I R( ATR, solid): ñ = 3402, 3333, 3226, , 1461 I R( ATR, solid): ñ = 3402, 3333, 3226, , 1417 I R( ATR, solid): ñ = 3402, 3333, 3226, , 1315 I R( ATR, solid): ñ = 3402, 3333, 3226, , 1245 I R( ATR, solid): ñ = 3402, 3333, 3226, , 1090 I R( ATR, solid): ñ = 3402, 3333, 3226, , 1007 I R( ATR, solid): ñ = 3402, 3333, 3226, , 1055 I R( ATR, solid): ñ = 3402, 3333, 3226, , 1007 163.0, 153.3, 142.5, 139.6, 130.5, 129.8, 129.6, 129.4, 127.9, 127.3, 116.1, 115.1, 115.0, 113.7, 78.6, 54.0, 52.4, 50.6, 49.5, 47.3, 40.2, 35.9, 33.1 ppm; IR (ATR, solid): ñ = 3470, 3369, 3200, 3134, 2924 , 2859 , 2199 , 1644 , 1582 , 1495 , 1447 , 1394 , 1325 , 1277 , 1217 , 1033 M S[ MALDI, trans-2-[3-(4-tert-butylphenyl 2, 160.2, 155.3, 154.2, 141.2, 141.1, 138.2, 138.2, 129.5, 129.5, 129.3, 129.3, 128.9, 128.9, 128.6, 128.6, 127.4, 127.4, 126.6, 126.6, 116.6, 116.5, 113.6, 113.4, 113.1, 113.0, 112.5, 112.2, 69.3, 68.7, 58.0, 58.0, 56.3, 45.9, 45.9, 44.2, 43.7, 43.6, 43.3, 43.3, 42.0, 41.3, 41.2, 36.3, 33.5, 33.4 ppm; I R( ATR, solid): ñ = 3433, 3343, 3220, 2922 I R( ATR, solid): ñ = 3433, 3343, 3220, , 2856 I R( ATR, solid): ñ = 3433, 3343, 3220, , 2201 I R( ATR, solid): ñ = 3433, 3343, 3220, , 1644 I R( ATR, solid): ñ = 3433, 3343, 3220, , 1598 I R( ATR, solid): ñ = 3433, 3343, 3220, , 1495 I R( ATR, solid): ñ = 3433, 3343, 3220, , 1453 I R( ATR, solid): ñ = 3433, 3343, 3220, , 1412 I R( ATR, solid): ñ = 3433, 3343, 3220, , 1233 I R( ATR, solid): ñ = 3433, 3343, 3220, , 1121 I R( ATR, solid): ñ = 3433, 3343, 3220, , 1056 I R( ATR, solid): ñ = 3433, 3343, 3220, , 1030 4-Amino-2,6-dimethylcyclohex-4-ene-1,1,3,3,5-pentacarbonitrile (6, Mixtureo fDiastereomers)
5-
The reaction was performed according to the general procedure for the metal-free multi-step domino reaction with acetaldehyde and malononitrile as starting compounds. The reaction was stirred at room temperature for 24 h. The crude product was purified by column chromatography (pure CH 2 Cl 2 )t oa fford 6 as aw hite solid. M.p. 105 8C; 144.5, 143.3, 116.2, 115.6, 113.2, 112.6, 112.6, 112.3, 112.3, 110.3, 109.9, 109.8, 79.3, 79.3, 42.9, 40.5, 39.8, 39.7, 39.4, 36.4, 36.3, 35.5, 17.3, 17.2, 15.4, 15.1 ppm; I R( ATR, solid): ñ = 3432, 3350, 3230, 2981 I R( ATR, solid): ñ = 3432, 3350, 3230, , 2943 I R( ATR, solid): ñ = 3432, 3350, 3230, , 2884 I R( ATR, solid): ñ = 3432, 3350, 3230, , 2207 I R( ATR, solid): ñ = 3432, 3350, 3230, , 2159 I R( ATR, solid): ñ = 3432, 3350, 3230, , 1648 I R( ATR, solid): ñ = 3432, 3350, 3230, , 1617 I R( ATR, solid): ñ = 3432, 3350, 3230, , 1458 I R( ATR, solid): ñ = 3432, 3350, 3230, , 1372 I R( ATR, solid): ñ = 3432, 3350, 3230, , 1311 I R( ATR, solid): ñ = 3432, 3350, 3230, , 1226 I R( ATR, solid): ñ = 3432, 3350, 3230, , 1155 I R( ATR, solid): ñ = 3432, 3350, 3230, , 1099 Carbobicycle 7b (29 mg, 0.072 mmol, 1equiv) was dissolved in methanol (0.6 mL) and cooled to 0 8C. Sodium borohydride (27 mg, 0.72 mmol, 10 equiv.) was added and the reaction mixture was stirred for 30 min, before it was allowed to warm to room temperature. After 5.5 ht he reaction was quenched by the addition of saturated NaHCO 3 (1 mL). The organic layer was separated and the aqueous phase was extracted with CH 2 Cl 2 (3 5mL). The combined organic phases were washed with brine (15 mL) and dried over Na 2 SO 4 .T he solvent was removed under reduced pressure and the crude product was purified by column chromatography (hexane/ EtOAc, 4:1t o2 :1) to give 8 as aw hite solid (15 mg, 0.040 mmol, 56 %). M.p. decomposition > 300 8C; 1 HNMR (400 MHz, (CD 3 ) 2 CO): 19-7.10 (m, 2H), 7.11-6.92 (m, 6H), 6.92-6.82 (m, 2H) , 6.40-3.40 (2 s, 4H), 3.40 (dd, J = 13.0, 3.7 Hz, 1H), 3.19 (d, J = 2.5 Hz, 1H), 3.08 (dd, J = 4.8, 2.5 Hz, 1H), 3.04-2.97 (m, 1H), 2.52 ppm (dd, J = 13.0, 11.6 Hz, 1H); 13 CNMR (100 MHz, (CD 3 ) 2 CO): d = 156.9, (156.8), 154.7, (154.6), 142.2, 137.9, 129.7, 128.6, 128.4, 128.0, 126.8, 117.1, 116.8, 114.8, 80.5, (80.4), 78.4, (78.4), 54.3, (54.2), 53.5, 51.6, 45.4, 40 .0 ppm;I R( ATR, solid): ñ = 3458, 3395, 3332, 3221, 2917, 2848, 2197, 1658, 1615, 1495, 1454, 1224, 1185, 1161, 1080, 1032, 974, 737, 696, 650, 581, 552, 506 9, 155.0, 149.4, 117.3, 116.2, 113.8, 113.1, 86.7, 78.0, 42 .3 ppm;I R( ATR, solid): ñ = 3317, 3207, 3076, 2207, 1655, 1623, 1570, 1510. 1404, 1316, 1259, 1224, 1081, 877, 781, 748, 684, 664, 581, 553, 458, 422 cm À1 ;H RMS (ESI, negative): m/z:c alcd for C 10 H 3 N 6 :2 07.0425 [MÀH] À ;f ound: 207.0426.
Removal of the solvent of the supernatant under reduced pressure afforded the byproduct (E)-prop-1-ene-1,3-diyldibenzene (10) [20] as ac olorless oil (6.0 mg, 0.031 mmol, 33 %); 
Domino Isoquinuclidine-ArtesunateHybrid (11)
Artesunic acid (28 mg, 0.073 mmol, 1equiv) and isoquinuclidine 7a (29 mg, 0.073 mmol, 1equiv.) were dissolved in acetonitrile (2.8 mL) under inert conditions (in an itrogen atmosphere). This solution was cooled to 0 8C, then, DMAP (4.5 mg, 0.037 mmol, 0.5 equiv.) and DCC (20 mg, 0.095 mmol, 1.3 equiv.) were added sequentially.T he reaction mixture was stirred for 48 ha t0 8C. The mixture containing ap recipitate was filtered and the filtrate was concentrated under reduced pressure. The crude product was purified by column chromatography (hexane/EtOAc, 6:1t o3 :1) to afford 11 as aw hite solid ( 13 CNMR (100 MHz, (CD 3 ) 2 CO): d = 172.9, 171. 1, 170.2, 169.7, 162.7, 162.4, 152.4, 152.3, 140.2, 139.3, 137.0, 136.9, 129.8, 129.7, 129.2, 128.9, 128.6, 128.6, 128.5, 128.2, 128.0, 127.4, 127.2, 126.9, 125.3, 120.3, 115.2, 112.8, 112.5, 112.5, 109.3, 108.6, 104.2, 104.1, 93.0, 92.5, 91.6, 91.5, 80.3, 80.2, 77.9, 77.8, 57.8, 57.1, 53.6, 52.7, 52.3, 52.3, 52.0, 50.8, 50.7, 50.1, 49.2, 48.3, 45.6, 45.6, 39.3, 39.0, 37.1, 37.1, 36.4, 34.6, 34.4, 32.2, 32.1, 30.9, 26.6, 25.5, 24.9, 22.8, 21.8, 21.8, 20.0, 13.8, 11.9, 11 .8 ppm;I R( ATR, solid): ñ = 3449, 3347, 3206, 3134, 2926, 2873, 2202, 1720, 1647, 1570, 1495, 1451, 1405, 1379, 1221, 1179, 1158, 1099, 1013, 945, 875, 825, 752, 694, 647, 564, 539, 511cm À1 ;H RMS (ESI): m/z:c alcd for C 44 
HCMV GFP-Based Replication Assay
An HCMV GFP-based replication assay was performed over ad uration of seven days (multi-round infection) using primary human foreskin fibroblasts (HFFs) infected with aG FP-expressing recombinant human cytomegalovirus (HCMV AD169-GFP) as described previously. [18a, 19b] All data represent mean values of determinations in quadruplicate [HCMV infections performed in duplicate, GFP measurements of total cell lysates performed in duplicate using automated quantitative GFP fluorometry in aV ictor 1420 Multilabel Counter (PerkinElmer Wallac GmbH, Freiburg, Germany), as described] . [21] Processing and evaluation of data was performed by the use of Excel (means and standard deviations).
Cytotoxicity Studies against P. falciparum 3D7 Strains P. falciparum Culture P. falciparum 3D7 parasites were cultured in type-A-positive human erythrocytes at ah ematocrit of 5% in RPMI 1640 supplemented with HEPES (25 mm), hypoxanthine (0.1 mm), gentamycin (50 mgmL À1 )a nd 0.5 %a lbumax I. Cultures were incubated at 37 8C under controlled atmospheric conditions of 5% O 2 ,3 %C O 2 ,a nd 92 %N 2 at 95 %relative humidity.
In Vitro AntimalarialActivity Assay
Cultures used in cell proliferation assays were synchronized by treatment with sorbitol. [22] Effective concentrations to inhibit parasite growth by 50 %( EC 50 )w ere determined using the SYBR Green I malaria drug-sensitivity assay. [23] Aliquots (50 mL) of ac ell suspension containing ring stages at ap arasitemia of 0.2 %a nd ah ematocrit of 2% were added to the wells of 96-well microtiter plates. Plates were incubated for 72 hi nt he presence of drugs at various concentrations. Subsequently,c ells of each well were lysed with 2 lysis buffer [Tris (40 mm,p H7.5), EDTA( 10 mm), 0.02 %s aponin, 0.08 %T riton X-100;5 0mL] containing SYBR green (8.3 mm). Plates were incubated for 1hin the dark at room temperature with constant mixing before the fluorescence (excitation wavelength 485 nm;emission wavelength > 520 nm) was measured using amicrotiter plate fluorescence reader (Victor X4, PerkinElmer). Drugs were serially diluted (1:3), with initial drug concentrations of 243 nm for chloroquine and 81 nm for dihydroartemisinin and it derivatives. Each drug concentration was tested in triplicate and repeated at least three times. Uninfected erythrocytes (hematocrit 2%)a nd infected erythrocytes without drug served as controls and were investigated in parallel. Percent growth was calculated as described by Beez and co-workers. [24] Data were analyzed using the SigmaPlot (version 12.0;H ill function, three parameters) and SigmaStat (version 13.0) programs.
